We study the cosmology of a covariant Galileon field φ with five covariant Lagrangians and confront this theory with the most recent cosmological probes: the type Ia supernovae data (Constitution and Union2 sets), cosmic microwave background (WMAP7) and the baryon acoustic oscillations (SDSS7). In the Galileon cosmology with a late-time de Sitter attractor, there is a tracker that attracts solutions with different initial conditions to a common trajectory. Including the cosmic curvature K, we place observational constraints on two distinct cases: (i) the tracker, and (ii) the generic solutions to the equations of motion. We find that the tracker solution can be consistent with the individual observational data, but it is disfavored by the combined data analysis. The generic solutions fare quite well when a non-zero curvature parameter Ω (0) K is taken into account, but the Akaike and Bayesian information criteria show that they are not particularly favored over the ΛCDM model.
I. INTRODUCTION
The quest to distinguish between a cosmological constant and dynamical dark energy models has been one of the main topics in cosmology. The equation of state w DE of dark energy can be constrained not only by the Supernovae Ia (SN Ia) data [1] but by the observations of Cosmic Microwave Background (CMB) [2] and Baryon Acoustic Oscillations (BAO) [3, 4] . For constant w DE the combined data analysis of CMB+BAO+SN Ia by the WMAP group has given a tight constraint w DE = −0.980 ± 0.053 (68 % confidence level) in the flat Universe [5] . However, the present observations still allow a large variation of the dark energy equation of state in terms of the redshift z. Moreover, inclusion of the cosmic curvature further weakens the constraints on w DE (z).
Over the past decade, many dynamical dark energy models have been proposed as an alternative to the cosmological constant (see Refs. [6] for review). They are broadly classified into two classes-(i) Modified matter models, and (ii) Modified gravity models. In the class (i) the accelerated expansion of the Universe is induced by a modified matter source, whereas in the class (ii) the largedistance modification of gravity gives rise to the cosmic acceleration. The representative model of the class (i) is quintessence based on a minimally coupled scalar field [7] , but in general there is a degeneracy around w DE = −1 if we constrain the quintessence potential from observations.
The modified gravity models proposed so far consist of f (R) gravity [8] , scalar-tensor theory [9] , the DvaliGabadadze-Porrati (DGP) braneworld [10] model, the Gauss-Bonnet gravity [11] , f (R, G) gravity [12] , and so on. In general we need to recover the General Relativistic behavior in the region of high density for the consistency with solar-system experiments [13] , while the largedistance modification of gravity leads to the cosmic acceleration today. Moreover we require that the models are free from ghosts and instabilities [14] . For example, the DGP model is plagued by the ghost problem [15] in addition to the incompatibility with observational constraints [16] . The dark energy models in which the Lagrangian includes a general function f of the Gauss-Bonnet term G also result in violent instabilities for small-scale perturbations [17] . In f (R) gravity and scalar-tensor theory, the functions f (R) or the field potentials need to be carefully designed to satisfy the above-mentioned demands [18] .
In the DGP model a brane-bending mode φ (i.e. longitudinal graviton) gives rise to a field self-interaction of the form φ(∂ µ φ∂ µ φ) through the mixing with the transverse graviton [19] . This allows the decoupling of the field φ from gravitational dynamics in the local region by the so-called Vainshtein mechanism [20] . Then the General Relativistic behavior can be recovered within a radius larger than the solar-system scale. The selfinteraction φ(∂ µ φ∂ µ φ) satisfies the Galilean symmetry ∂ µ φ → ∂ µ φ + b µ in the flat space-time. While the DGP model suffers from the ghost problem, the extension of the field self-interaction to more general forms satisfying the Galilean symmetry may allow us to avoid the appearance of ghosts.
Nicolis et al. [21] showed that there are only five field Lagrangians L i (i = 1, · · · , 5) that respect the Galilean symmetry in the Minkowski background. These terms lead to only the second-order field equations and hence we do not need to worry about extra degrees of freedom coming from higher-order derivatives.
If the Lagrangians L i are varied in the curved spacetime, the terms L 4, 5 give the field equations higher than the second-order. Deffayet et al. [22] derived the covariant Lagrangians L i (i = 1, · · · , 5) that result in only the second-order equations, while recovering the Galilean symmetry in the Minkowski space-time. This can be achieved by introducing field-derivative couplings with the Ricci scalar R and the Einstein tensor G νρ in the expression of L 4,5 . Since the existence of those terms affects the effective gravitational coupling, the Galileon gravity based on the covariant Lagrangians L i (i = 1, · · · , 5) can be classified as one of modified gravitational theories.
The full cosmological dynamics including the terms up to L 5 have been studied by two of the present authors in the flat Friedmann-Lemaître-Robertson-Walker (FLRW) background [23, 24] (see also Refs. [25] - [45] for related works). While the field is nearly frozen during the early epoch through the cosmological Vainshtein mechanism, it begins to evolve at late times to lead to the acceleration of the Universe. The stable dS solution can be realized by a constant field velocity.
Refs. [23, 24] have shown that, for the covariant Galileon theory having dS attractors, cosmological solutions with different initial conditions converge to a common trajectory-a tracker solution. Moreover the background cosmological dynamics along the tracker can be known analytically in terms of the redshift z. The dark energy equation of state exhibits the peculiar phantomlike evolution: w DE = −7/3 (radiation era), w DE = −2 (matter era), and w DE = −1 (dS era). Note that this does not imply the appearance of ghosts. In fact the viable model parameter space has been found in Refs. [23, 24] from the conditions to avoid ghosts and Laplacian instabilities of scalar and tensor perturbations.
In this paper we place observational constraints on the covariant Galileon gravity using the observational data of SN Ia, the CMB shift parameters, and BAO. In particular we derive a convenient analytic formula for the tracker evolution by including the cosmic curvature K and test the viability of such a solution. In general the cosmological dynamics start from the regime away from the tracker, depending on the model parameters and initial conditions. We shall also study such general cases and search for the model parameter space consistent with observational constraints.
II. GALILEON COSMOLOGY
The covariant Galileon gravity is described by the action [22] 
where g is a determinant of the metric tensor g µν , M pl is the reduced Planck mass, and c i are constants. The covariant Lagrangians L i (i = 1, · · · , 5) that respect the Galilean symmetry in the limit of the Minkowski spacetime are given by
where a semicolon represents a covariant derivative, M is a constant having a dimension of mass, and G νρ is the Einstein tensor. For the matter Lagrangian L M we take into account perfect fluids of radiation (energy density ρ r , equation of state w r = 1/3) and non-relativistic matter (energy density ρ m , equation of state w m = 0). We consider the FLRW space-time with the line element
where a(t) is the scale factor with the cosmic time t. The closed, flat, and open geometries correspond to K > 0, K = 0, and K < 0, respectively. Variation of the action (1) with respect to g µν leads to the following equations of motion
where ρ K ≡ −3KM 2 pl /a 2 , a dot represents a derivative with respect to t, H =ȧ/a is the Hubble parameter, and
Note that Eqs. (4) and (5) are the generalization of those derived in Ref. [23] with an account of the cosmic curvature K. The closed-form equations forφ andḢ can be derived by taking a time-derivative of Eq. (4) and by combining it with Eq. (5). Since we are interested in the case where the late-time cosmic acceleration is realized by the field kinetic energy, we set c 1 = 0 in the following discussion. In this case the only solution in the Minkowski background (H = 0) corresponds toφ = 0 for c 2 = 0.
The dS solution (H = H dS = constant) can be present forφ =φ dS = constant. We normalize the mass M to be (4) and (5) give the following relations at the dS point:
where
The use of α and β is convenient because the coefficients of physical quantities and dynamical equations can be expressed by those variables. We note that the relations (10) and (11) are not subject to change under the rescaling x dS → γx dS and c i → c i /γ i , where γ is a real constant. Hence the rescaled choice of c i can provide the same physics. If we use the parameters α and β, such apparent different cases can be treated in a unified way. In Refs. [23, 24] the authors derived the viable parameter space on the (α, β) plane in which the conditions for the avoidance of ghosts and Laplacian instabilities of scalar and tensor perturbations are satisfied for K = 0.
In order to study the cosmological dynamics, it is useful to define the following dimensionless variables:
At the dS solution one has r 1 = 1 and r 2 = 1. We define the dark energy density parameter
where we have used Eqs. (10) and (11) . Then Eq. (4) can be written as
, and
From Eqs. (4)- (7) we obtain the following autonomous equations for the variables r 1 , r 2 , Ω r , and Ω K :
where a prime represents a derivative with respect to N = ln a, and
The Hubble parameter follows from the equation
The solutions to Eqs. (18) and (19) are given by Ω r (N ) = Ω 
A. Tracker solution Equation (16) shows that there is an equilibrium point characterized by
along which
Originally the existence of the tracker solution (23) was found in Refs. [23, 24] for the flat Universe (K = 0). The above results show that the tracker is also present for K = 0. The epoch at which the solutions reach the tracking regime r 1 ≃ 1 depends on model parameters and initial conditions. The approach to this regime occurs later for smaller initial values of r 1 . If r 1 2 initially, numerical simulations show that the solutions approach the tracker with the late-time cosmic acceleration. Meanwhile, for the initial conditions with r 1 2, the dominant contribution to Ω DE comes from the Lagrangian L 2 , so that the field energy density decreases rapidly as in the standard massless scalar field. In the latter case the solutions do not get out of the matter era that starts from the radiation-matter equality [23, 24] .
From Eqs. (17)- (19) the variables r 2 , Ω r , and Ω K satisfy the following equations along the tracker:
These equations do not have any dependence on α and β. Combining Eqs. (25) and (26), we obtain
Integrating this equation, it follows that
where d 1 is a constant. From Eqs. (26) and (27) we have
which is integrated to give
Substituting Eqs. (29) and (31) into Eq. (26), we obtain the following integrated solution K today, the constants d 1 and d 3 can be expressed as
where we have used Eqs. (15), (24), and (32). In the highredshift regime (z ≫ 1) the density parameters behave as
Since Ω r ∝ ρ r /H 2 ∝ 1/(a 4 H 2 ), it follows that
r /Ω r )(1/a 4 ). Using Eqs. (32) and (33), the Hubble parameter can be expressed in terms of the function of the redshift z = 1/a − 1:
This analytic estimation is useful to constrain the tracker solution from a number of observations.
On the tracker the equation of state of dark energy w DE ≡ P DE /ρ DE and the effective equation of state
2 ) are given by
During the cosmological sequence of radiation (Ω r ≃ 1, If the curvature density parameter Ω K is non-negligible today, this also gives some contribution to w DE and w eff during the evolution from the end of the matter era to the present epoch. In Fig. 1 The conditions for the avoidance of ghosts and instabilities have been derived in Refs. [23, 24] for Ω K = 0. Even in the presence of the cosmic curvature it is a good approximation to use the results in the flat case, because Ω K is much smaller than 1 in most of the expansion history of the Universe. Hence we shall use the allowed region in the (α, β) plane shown in the figure 1 of Ref. [23] .
B. General solutions
There is another case in which the solutions start to evolve from the regime r 1 ≪ 1. If r 1 ≪ 1 initially, the ghosts are absent for β > 0 [23, 24] . Provided that r 1 ≪ 1 the propagation speeds of scalar and tensor perturbations are positive during radiation and matter eras, so that no instabilities are present.
In the regime r 1 ≪ 1, the variables r 1 and r 2 satisfy the following approximate equations
As long as {βr 2 , |Ω K |} ≪ 1, the evolution of r 1 and r 2 during the radiation (matter) era is given by r 1 ∝ a
and r 2 ∝ a 7/4 (r 1 ∝ a 9/8 and r 2 ∝ a 3/8 ). Hence the field velocity evolves asφ ∝ t 3/8 during the radiation era anḋ φ ∝ t 1/4 during the matter era. Note that the evolution ofφ is slower than that for the tracker (i.e.φ ∝ t).
In Ref. [24] it was shown that the tracker is stable in the direction of r 1 by considering a homogeneous perturbation δr 1 . This means that once the solutions reach the tracker the variable r 1 does not repel away from 1. The epoch at which the solutions approach the tracker regime depends on the initial values of r 1 .
The
Provided that {βr 2 , |Ω K |} ≪ 1, one has w DE ≃ −1/4, w eff ≃ 1/3 during the radiation era and w DE ≃ −1/8, w eff ≃ 0 during the matter era. The evolution of w DE in the regime r 1 ≪ 1 is quite different from that for the tracker solution.
In Fig. 1 we plot the evolution of w DE for a number of different initial conditions. Since r 1 ≪ 1 initially, the solutions start to evolve from the value w DE ≃ −1/4 in the radiation era. For larger initial values of r 1 they approach the tracker earlier. This tracking behavior occurs irrespectively of the signs of Ω (0) K . In Fig. 2 we find that the effect of the cosmic curvature slightly modifies the evolution of w DE in the low-redshift regime.
III. METHOD OF LIKELIHOOD ANALYSIS
In this section we show the method of our likelihood analysis to place observational constraints on the Galileon cosmology discussed above. The modified background cosmological evolution in this theory affects the diameter distance to the last scattering surface as well as the luminosity distance. The modification from the ΛCDM model can be tested by using the data of CMB, BAO and SN Ia.
A. CMB shift parameters
The positions of CMB acoustic peaks are affected by the expansion history of the Universe from the decoupling epoch to today. In order to quantify the shift of acoustic peaks we use the data points (l a , R, z * ) of Ref. [5] (WMAP7), where l a and R are two CMB shift parameters [46] [47] [48] [49] and z * is the redshift at decoupling. For the FLRW metric (3) we have [50] 
Numerically it is convenient to integrate the following equation from the redshift z = 0 to z = z * :
The multipole l a is defined by l a = πd
is the sound horizon at the decoupling. Note that R s (z) = 3Ω
where Ω γ are the today's density parameters of baryons and photons respectively. We neglect the contribution of dark energy and the cosmic curvature for z > z * to estimate r s (z * ). The dark energy density parameter can be in fact neglected even for non-tracker solutions with r 1 ≪ 1, because Ω DE ≃ 7βr 2 decreases toward the past (r 2 ∝ a 3/8 during the matter era and r 2 ∝ a 7/4 during the radiation era). It then follows that (see e.g., [51] )
For the redshift z * there is a fitting formula by Hu and Sugiyama [52] :
where g 1 = 0.0783ω 
The corresponding inverse covariance matrix is [5] We thus define
and construct the contribution of CMB to χ 2 as
Notice that χ . As we shall see later on, varying h does not affect the final results of our study. The density parameter of radiation today is
where Ω
γ is the photon density parameter and N eff is the relativistic degrees of freedom. We adopt the standard values Ω (0) γ = 2.469 × 10 −5 h −2 and N eff = 3.04 [5] .
In Ref. [46] Wang and Mukherjee placed observational constraints on R and l a for several different dark energy models: the ΛCDM model, constant w DE models, and the models described by the parametrization w DE = w 0 + w a (1 − a). They showed that the resulting bounds on R and l a are independent of the dark energy models. While our Galileon model does not belong to the models described above, the method using the two distance measures R and l a is expected to be trustable as well. In fact the Galileon model is consistent with a number of assumptions [53] that validate the analysis using the two WMAP distance priors.
B. BAO
For the BAO we apply the maximum likelihood method [48] using the data points of Ref. [4] (SDSS7):
where r s (z d ) is the sound horizon at the baryon drag epoch z d . For z d we use the fitting formula by Eisenstein and Hu [54] :
0.251 m 1 + 0.659ω 0.828 
where d A (z) is the diameter distance defined by
(53) This encodes the visual distortion of a spherical object due to the non-euclidianity of the FLRW space-time, which is equivalent to the geometric mean of the distortion along the line of sight and two orthogonal directions.
We thus construct
and using the inverse covariance matrix [4]
The contribution of BAO to χ 2 is
C. SN Ia
The analysis of SN Ia standard candles is based on the method described in Ref. [48] . We will mainly use the Constitution SN Ia dataset of Hicken et al. [55] , which constitutes in total of 397 SN Ia. We will also use the recently released update to the Union set, i.e. the Union2 dataset [56] .
The SN Ia observations use light curve fitters to provide the apparent magnitude m(z) of the supernovae at peak brightness. This is related with the luminosity distance d L (z) through m(z) = M + 5 log 10 (d L /10 pc), where M is the absolute magnitude. Note that the luminosity distance is given by
where d A (z) is the angular diameter distance defined in Eq. (53) . Defining the dimensionless luminosity distance
0 , the theoretical value of the apparent magnitude is
whereM = M − 5 log 10 h + 42.38 [48] . The theoretical model parameters are determined by minimizing the quantity
where N is the number of the SN Ia dataset, p j is the set of parameters to be fitted, and σ 2 µ i are the errors due to flux uncertainties, intrinsic dispersion of SN Ia absolute magnitude and peculiar velocity dispersion. These errors are assumed to be Gaussian and uncorrelated. The theoretical distance modulus is defined as (60) where µ 0 = 42.38 − 5 log 10 h. The steps we have followed for the usual minimization of (59) in terms of its parameters are described in detail in Refs. [57] [58] [59] .
D. Two information criteria
In order to see whether the Galileon model is favored over the ΛCDM model, we will also use the two information criteria known as AIC (Akaike Information Criterion) and BIC (Bayesian Information Criterion), see Ref. [60] and references there in. The AIC is defined as
where the likelihood is defined as L ∝ e −χ 2 /2 , the term −2 ln L max corresponds to the minimum χ 2 , and k is the number of parameters of the model. The BIC is defined similarly as
where N is the number of data points in the set under consideration.
According to these criteria a model with the smaller AIC/BIC is considered to be the best and specifically, for the BIC a difference of 2 is considered as positive evidence, while 6 or more as strong evidence in favor of the model with the smaller value. Similarly, for the AIC a difference in the range between 0 and 2 means that the two models have about the same support from the data as the best one, for a difference in the range between 2 and 4 this support is considerably less for the model with the larger AIC, while for a difference > 10 the model with the larger AIC is practically irrelevant [60, 61] .
IV. OBSERVATIONAL CONSTRAINTS
In this section we present the observational constraints on the Galileon cosmology. We first consider the tracker solution and later we study general solutions discussed in Sec. II B. In the latter case we shall explore the whole parameter space in terms of (α, β) constrained by the conditions for the avoidance of ghosts and instabilities (figure 1 in Ref. [23] ).
A. The tracker
As we showed in Eq. (34), the Hubble parameter for the tracker is known as a function of the redshift z. Since the value of Ω [5] are used in order to simplify the analysis. We have checked that having h as a free parameter for the likelihood analysis of the CMB and BAO does not change the results much, as the best fits are always within 1 %.
We should also mention that we have not solved the full perturbation equations for the Galileon field in order to calculate the effect on the CMB. However, the modified growth of perturbations only affects the largescale CMB spectrum (the multipoles l 10) through the Integrated-Sachs-Wolfe (ISW) effect. Usually this does not provide tighter constraints than the CMB distance measures explained in Sec. III A. Hence we expect that the results are not subject to change much.
In Table I we show a comparison of the tracker given in Eq. (34) to the ΛCDM model for various data combinations. If we only use either of the SN Ia data (Constitution or Union2), the χ 2 for the tracker is similar to that in the ΛCDM for both the flat and non-flat cases. Hence the two models are practically indistinguishable from each other. The tracker solution is also consistent with the individual observational constraint from either CMB or BAO. The combined data analysis of CMB+BAO shows that, as long as we take into account the cosmic curvature, the χ 2 for the tracker is even smaller than that in the ΛCDM.
In Fig. 3 we plot the χ 2 (= χ K ) plane at the 68.3% (1σ) − 95.4% (2σ) levels. Both contours correspond to the combination of all three datasets: Constitution SN Ia+BAO+CMB. As we see in Table I , the difference in χ 2 between the two models is δχ 2 ∼ 22. This corresponds to ∼ 4.3σ, and the tracker solution is 
alone, the model is practically indistinguishable from the ΛCDM. However, if we add the CMB+BAO data, the tracker solution is disfavored relative to the ΛCDM. In all cases the error estimation is only statistical. In the cases where Ω severely disfavored with respect to the ΛCDM. A similar conclusion is reached from the combined data analysis of Union2+BAO+CMB, which gives the difference of δχ 2 ∼ 16 relative to the ΛCDM model. The reason why the tracker is disfavored can be explained by inspecting Table I m in a different range, the combined analysis with all datasets does not favor the tracker solution.
B. General solutions
Next, we proceed to observational constraints on the general solutions to Eqs. (16)- (19) . Unlike the tracker solution, this case depends on the parameters α and β as well as the initial conditions of r 1 , r 2 , and Ω r . Note that the initial condition of Ω K is fixed by using Eq. (22) . From Eq. (21) the Hubble parameter H(N ) is integrated to give
which can be used to compare the model with the data. We place observational bound on (α, β) constrained by the conditions for the avoidance of ghosts and instabilities. We also restrict β > 0 to avoid the appearance of ghosts at the early cosmological epoch [23, 24] . Since the tracker is disfavored by the data, the cosmological evolution in which the solutions approach the tracker at late times (i.e. smaller initial values of r 1 ) is in general favored. For given α and β, we search for the viable initial conditions of r 1 , r 2 , and Ω r that can be consistent with the data. We then carry out the likelihood analysis by varying α and β to find the viable parameter space. In Table II we show the best fit and the best fit parameters along their 1σ errors and the AIC/BIC for several fixed values of Ω For this set of bestfit parameters we can always find a set of initial conditions for r 1 and r 2 that lead to the late-time tracker allowed by observations. For example, for the parameters α = 1.862 and β = 0.607, the initial conditions giving rise to the late-time tracker allowed by observations are r 1 = 1.50 × 10 −10 ± 3.88 × 10 −12 , r 2 = 2.67 × 10 −12 ± 2.17 × 10 −13 (95 % CL), for Ω r = 0.999992 at the redshift z = 3.63 × 10 8 . These conditions can be translated into the initial condition forφ by using Eq. (13) . In the case of α = 1.862 and β = 0.607 it follows that 4.38×10 −6 <φ/φ dS < 4.57×10 −6 at z = 3.63×10 8 , thus requiring a certain amount of fine tuning.
For Ω (0) K = −0.01 the data support the ΛCDM model more, as the fit is particularly bad. On the other hand, according to the BIC statistics, there seems to be strong evidence in favor of the flat ΛCDM over all non-tracker cases as ∆BIC 6.
In Fig. 4 we illustrate the evolution of w DE for the solution denoted by an asterisk in Table II , together with the tracker solution. The former corresponds to the model parameters α = 1.862 and β = 0.607 with the initial conditions r 1 = 1.5 × 10 −10 , r 2 = 2.667 × 10 −12 , and K . For the model that is denoted by an asterisk ( * ), we show the evolution of wDE in Fig. 4 (labeled as "non-tracker"). Ω r = 0.999992 at z = 3.63 × 10 8 . In this case the solution does not reach the tracker by today and hence it does not exhibit strong phantom behavior. We find that the early tracking behavior is in fact disfavored by the combined data analysis.
The results in Table II for K is favored, e.g., Ω (0) K = −0.003 ± 0.005 for the Constitution set. The reason why the general solutions are not particularly favored in the AIC and BIC tests lies in the fact that the number of parameters is larger than those in the flat ΛCDM. Therefore, we conclude that the general solutions exhibit rich phenomenology that can in general be in good agreement with the combined observational constraints, while parts of the parameter space being in mild tension with the observations.
V. CONCLUSIONS
In this paper we have placed observational constraints on the covariant Galileon cosmology by using the most recent data of SN Ia (Constitution and Union2 sets), CMB (WMAP7), and BAO (SDSS7). In this theory there is an interesting tracker solution that finally approaches a de Sitter solution responsible for dark energy. By including the cosmic curvature Ω (0) K , we derived the analytic formula (34) about the evolution of the Hubble parameter for the tracker. This formula is convenient because we only need to vary the two density parameters Ω If we use either of the SN Ia data (Constitution or Union2) alone, the χ 2 for the tracker is similar to that in the ΛCDM model. We also found that, as long as the cosmic curvature is taken into account, the tracker solution is compatible with the individual observational bound constrained from either CMB or BAO. However, the combined data analysis of Constitution+BAO+CMB shows that the difference of χ 2 between the tracker and the ΛCDM is δχ 2 ∼ 22 (or ∼ 4.3σ). Hence the tracker is severely disfavored with respect to the ΛCDM. From the combined data analysis of Union2+BAO+CMB, we reached a similar conclusion: the difference of δχ 2 ∼ 16 relative to the ΛCDM. The reason for this incompatibility is that the SN Ia data favor the large values of Ω We also studied the general solutions to Eqs. (16)- (19) for the parameters α and β constrained by the conditions for the avoidance of ghosts and instabilities. In general the solutions that approach the tracker only at late times are favored from the combined data analysis. By choosing several fixed values of Ω K ) are varied, are not particularly favored over the ΛCDM model (because ∆BIC 6). This mainly comes from the statistical property that the number of model parameters is larger than those in the flat ΛCDM. In fact the general solutions with a non-zero curvature can be well consistent with the combined data analysis.
It will be of interest to study the evolution of matter density perturbations to confront the Galileon cosmology with the observations of large scale structure (LSS). In particular, the presence of the field derivative couplings with R and G νρ in the expression of L 4 and L 5 will change the effective gravitational coupling [62] . This should modify the growth rate of matter perturbations as well as the ISW effect on large-scale CMB anisotropies. Compared to the distance measures R and l a we discussed in this paper, the ISW effect is in general not so powerful to constrain dark energy models. However, in the case where the modification of the effective gravitational coupling is significant, the ISW effect may provide a strong constraint. In addition, the LSS-ISW anticorrelation found in a similar Galileon-like model [28] can be a useful tool to constrain the parameter space (α, β) further. We will leave this issue for a future work.
